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I - FROZEN COMPOSITION

By Vearl N. Huff and Anthony Fortini

SUMMARY

Theoretical rocket performance for frozen composition during expan-
sion was calculated for the propellant combination JP-4 fuel and liquid
oxygen at two chamber pressures and several pressure ratios and
oxidant-fuel ratios.

The parameters included are specific impulse, combustion-chamber
temperature, nozzle-exit temperature, molecular weight, characteristic
velocity, coefficient of thrust, ratio of nozzle-exit area to throsat
area, specific heat at constent pressure, isemtropic exponent, viscosity,
and thermal conductivity. A correlstion is given for the effect of
chanber pressure on several of the parameters.

INTRODUCTION

A continuing interest in hydrocarbon fuels and liquid oxygen as
rocket propellants is assured by favorable logistics and relatively high
gpecific impulse, Theoretical performance of several hydrocarbons with
liquid oxygen has been reported in the literature, for example, in refer-
ences 1 to 3.

Additional computations were made for the propellant combination
JP-4 fuel and liquid oxygen at the WACA Iewis laboratory between 1953
and 1955 as required for theoretical and experimental programs. These
data were computed for both frozen and equilibriuvm composition during
expansion,

The present report presents the data for frozen composition during
expansion for two chamber pressures and a wide range of oxidant-fuel
ratios and pressure ratios. A correlation is given which permits the
determination of specific impulse, characteristic velocity, ratio of
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nozzle-exit area to throat area, combustion-chamber temperature, and
nozzle-exit temperature for a wide range of chamber pressure.

SYMBOLS

The following symbols are used in this report:

G

f’

fl’fz’-n-

8c

Ep

fn g

nozzle area, sq in.

local velocity of sound (velocity of flow at throat), ft/sec

ch F
coefficient of thrust; CF = —x = §;KE

molar specific heat at constant pressure, cal/(mole)(°K)

Zny (o9)y

specific heat at constant pressure,-jqcrtfiij—, cal/ (g) (°k)

specific heat at constant volume
characteristic velocity, chcAt/W’ ft/sec
thrust, 1b

functions

gravitational conversion factor, 32.174 (b mass/1b force)
Cft/éecz)

sum of sensible enthalpy and chemical energy, cal/mole

sum of sensible enthalpy and chemlcal energy per unit mass,

izni (Bp)1

W) o

specific impulse, 1b force-sec/ib mass

coefficient of thermal conductivity, cal/(sec) (em) (°K)
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Dg .

o/F

o

;niMi

molecular weight, T-E’ g/g-mole or lb/lb-mole

mole fraction

. . A log c¥*
characteristic-velocity exponent (—————)
? \A log P,

specific-impulse exponent for fixed pressure ratio,

A log T )
A log PC PC/P

temperature exponent for fixed pressure ratio ,<A log T

A log Pc:)Pc /P

' A log €
area-ratio exponent for fixed pressure ratio, A log P.
c

)Pc /P

oxidant-to-fuel welght ratio

static pressure (sum of partial pressures), l'b/sq in.
partial pressure, l'b/sq in.

universal gas constant (consistent units)

equivalence ratio, ratio of four times the number of carbon
atoms plus the number of hydrogen atoms to two times the

number of oxygen atoms 4 Cz -(l)- H)

entropy at a pressure of 1 atmosphere, cal/(mole) (°K)
o R 4,
Ei :ni(sT)i Ej :pjln pj/l 696

entropy per unit mass, M(T - og) " " "y

cal/(g)(°K)

temperature, °g

mass-flow rate, l‘b/sec

isentropic exponent, (B log P)

9 log p/g
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€ ratio of nozzle area to throat area, A/At

p density, Ib/cu in. ‘ >
1 sbsolute viscosity, poises = g/(cm) (sec)

Subscripts:

c combustion chamber o
e nozzle exit 3
i product of combustion including both gaseous and solid phases

J gaseous product of combustion

k solid product of combustion (éraphite) )

o conditions at 0° K

P constant pressure -

PC/P constent pressure ratio

8 constant entropy
t nozzle throat
1 reference point

CAICULATION (F PERFORMANCE DATA

Performence data were obtalined for two chamber pressures for a
range of equivalence ratios and pressure ratios. Frozen composition
during expension was assumed.

The computations were carriled out by means of the method described
in reference 4 with modifications to adapt it for use with an IBM card-
programmed electronic calculator. The machine was operated with
floating~decimal-point notation and eight significant figures., The \
successive approximation process used in the calculations was continued
until seven-figure accuracy was reached in the desired values of the
assigned parameters Gmass balance and pressure).
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Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiabatic combustion at constent pressure, isentropic
expansion, no friction, homogeneous mixing, and one-dimensional flow.
The products of combustion were assumed to be graphite and the following
ideal gases: atomic carbon C, methane CHy, carbon monoxide CO, carbon

dioxide COp, atomic hydrogen H, hydrogen H,, water H,0, atomic oxygen O,

oxygen Oz, and the hydroxyl radical OH. The combustion products are

agsumed to be completely expanded within the exit nozzle, that is, ambient
pressure equals exit pressure.

The graphite was assumed to be finely divided and to have the tem-
perature and velocity of the gases during the flow process.

Initial Data

Thermodynamic data. - The thermodynemic data for all combustion
products except graphite, methane, and water were taken from reference 4.
Data for graphite were taken from reference 5, and for water from ref-
erence 6, Data for methane were determined by the rigid-rotator -
harmonic-oscillator approximation using spectroscopic data from refer-
ence 7. The base used in this report for assigning sbsolute values to
enthalpy is the same as in reference 4,

The heat of sublimation of graphite at 298.16° K was taken to be
171.698 kilocalories per mole (ref. 8).

Physical and thermochemical data. - The properties of the fuel used
in these calculations are typical of the JP-4 fuel delivered to this
laboratory over a period of 2 years. The JP-4 fuel was assumed to
have a hydrogen-to-carbon weight ratio of 0,163 (atom ratio of 1.942),

a lower heat of combustion value of 18,640 Btu per pound and a specific

gravity of 0.769. Additional properties of jJet fuels may be found in
reference 9.

Several properties of the oxidant taken from references 4, 8, and
10 are listed in table TI.

Viscosity data. - The viscosity data for the individual combustion
products were either taken from the literature when available, or
estimated.

The viscosity data for CO, COp, CHy, Hy, and 0o were calculated by

‘the method of reference 11 using the values of the constants from table
1A of that reference.

ra
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The viscosities of C, 0, H, and OH were calculsted by the method of
reference 12, which assumes that the logarithm of viscosity is a linear
function of the logarithm of the temperature.

The viscosity of Hy0 was calculated from the modified Sutherland
equation given in reference 13,

Computation of Combustion Conditions

A combustion pressure was assigned (300 or 600 1b/sq in. abs). At
this assigned pressure, the composition n;, enthalpy h (including both

chemical and sensible energy), and eﬁtropy s, were determined for three
temperatures at 100° K intervals. The temperatures were chosen to band
the value of enthalpy for the propellent mixture h,. The formulas

(ref. 4) used to calculate h and s are

:é:znicﬂg)i

R (RN (1)
S 1.98718 1n ps/14.696
® T M - ) P

Combustion composition corresponding to h, was obtained by ordinery

three-point interpolation of composition as & function of h. Entropy

8, corresponding to h, was obtained by means of a three-point -~ three-

slope interpolation of s as a function of h. The slope was cobtained
by means of the thermodynamic relation )

(3 -3 o

It is convenient to treat the products of combustion (sometimes a
mixture of solid graphite and ideal gases) as a single homogeneous fluid.
Therefore, the molecular weight of the combustion products M is defined
as the weight of a sample (including gases and solid graphite) divided
by the number of moles of gas and was computed by

1-np (4)

M=

4021
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This value of M is suitable for use in the gas law

_. PRT
P =5 (5)
provided the solid phase is included in the density. Such a fluid will
exhibit ideal properties as long as the volume of the gases is large
with respect to the volume of the solid phese. The procedure is also
consistent with the assumption that the solid particles are small enough
to be considered gas molecules of extremely large molecular weight.

Computation of Exit Conditions

Calculation of parameters at assigned temperatures. - Exit tempera-
tures were selected at 300° or 400° K intervals to cover the range of
pressure ratios from 1 to 1500. At these selected temperatures, the
following data were computed assuming isentropic expansion and frozen
composition: pressure, enthalpy, specific heat at constant pressure,
isentropic exponent, absolute viscosity, thermael conductivity, nozzle-
area ratio, coefficient of thrust, and specific impulse.

Interpolation of throat pressure., - A cubic equation in terms of
In P was derived from the following function and its first derivative
using the data at two assigned temperatures:

L, yT &)
ln<R+ZM_R

arf
1 __ I & _
first derivative, TP = <; + 1+ T 1o P)

function, f7 = In fg

(Velues for dr/d 1n P were found by a numerical method. )

The two temperatures were selected to band the throat temperature.
The pressure at the throat was found by interpolating In P as a func-

h h
tion of £, for the point fq = 1n.<i§-- T? . At this point the velocity

of flow equals the velocity of sound,

Interpolation of enthalpy. - Enthalpies were interpolated for a
series of pressures including the throat pressure by means of quartic
equations in terms of 1n P. Each of the quartic equations used was
derived from date at two successive assgigned temperatures and used to
interpolate those points within the temperature interval. The data used
in forming-each quartic were the following function at one of the
agssigned temperatures and its first and second derivatives at both
assigned temperatures:
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function, fz =%
first derivative dfs T
qdInP "
d (\
second derivative — >
. 777 (@ 1n P)"’

Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of 1n P. Each of the cubic equations used was de-
rived from data at two successive assigned temperatures and used to
interpolate those points within the temperature interval. The data used
in forming each cubic were the following function and its derivative at
both assigned temperatures:

function, f4 =1n T

dfy

first derivative, T = = By

T

Interpolation of specific heat. - Specific heats were interpolated
for a series of pressures including the throat pressure by means of
cubic equations in terms of In P. Each of the cubic equations used was
derived from values of specific heat for four successive assigned tem-
peratures and used to interpolate those points within the interval of
the two middle temperatures.

Accuracy of interpolation. - The errors due to interpolation were
checked for. several cases. The values presented for enthalpy, entropy,
and specific impulse appear to be correctly computed to all figures
tabulated, while the remaining parameters may in some cases be in error
by one or two figures in the last place tesbulated. However, because of
uncertainties in thermodynemic data used, all values are probably tabu-
lated to more places than are entirely significant.

Formulas

The formulas used in éomputing the various performance parameters
are as follows:

Specific impulse, 1b force-sec/lb mess

4021
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_he

= 294.98 \| 555
Throat area per unit mass-flow rate, (sq in.)(sec)/Ib

Ay 278L.6 Ty

W T T Pyhe
Characteristic velocity, ft/sec

c* = g P (Ag/w) = 32.174 P, (Ay/w)

Coefficient of thrust

gc1 _32.174 T
Cp = ¥ ¥

Nozzle area per unit mass flow rate, (sq in.)(sec)/1b

A _ 86.455 T
w  PMI

Ratio of nozzle area to throat ares

W
At W
Specific heat at constant pressure, cal/(g)(oK)

Zni(cp)i

i

MZl 5
Isentropic exponeqt (when the composition is frozen)

r=<aJ.nP) __ % _%

0 In p/g e - R cy
M

:D

Absolute viscosity, poises

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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Coefficient of thermal conductivity, cal/(sec)(cm) (°K)

k = u<cp +-2-§> (15)

The values of viscosity and thermal conductivity for mixtures of
combustion gases calculated by means of equations (14) and (15) are only
approximate. When more reliable transport properties for the various
products of combustion become available, a more rigorous procedure for
computing the properties of mixtures may also be Justified. When solid
graphite was present among the combustion products, it was omitted from
equation (14).

THEORETICATI, PERFORMANCE DATA
Tebles

The calculated values of the performance parameters are given in
tables ITI to VI. The properties of gases in the combustion chamber and
the characteristic velocity are given in table II for each chamber
pressure and equivalence ratio. Table IIT presents the values of per-
formance parameters at assigned temperatures and constant entropy. These
values were computed directly and used to interpolate properties for
assigned pressure ratios. The first temperature for each equivalence
ratio is greater than the combustion temperature and represents an
isentropic compression from combustion conditions. The data for this
temperature were used for interpolation., The values of viscosity and
thermal conductivity of the mixture are also given in this table as
functions of temperature.

The performance parameters for small pressure ratios from 1 to 8
are given in table IV. These properties permilt computations within the
rocket nozzle and for finite combustion-chamber diameters. Properties
at the throat may be, found where & = 1.000. The values adjacent to the
throat correspond to pressures 1.2 and 0.8 times the throat pressure.

The performance parameters for pressﬁre ratios from 10 to 1500 are
given in table V. This teble gives sufficient data to permit interpola-
tion of complete data for any pressure ratio within the range tabulated.

The specific impulse and asrea-ratio values for expansion from
chamber pressure to 1 atmosphere are summarized in table-VI. The maxi-
mm values calculated for specific impulse for chamber pressures of 600
and 300 pounds per square inch absolute are 271.8 and 250.4, respectively,
at 31,98 weight percent fuel. -

4021
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Curves

The performance parameters are plotited in figures 1 to 5 for chamber
pressures of 300 and 600 pounds per squere inch sbsolute.

Curves of specific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functions of weight percent fuel. The maximum
values occur at sbout 31.98 weight percent fuel. The exponent ny is

also shown.

Curves of combustion temperature and exit temperature for pressure
ratios from 10 to 1500 are plotted in figure 2 as functions of weight
percent fuel., The exponent np 1s also shown.

Curves of the ratio of nozzle area to throat area are plotted in
figure 3 for pressure ratios from 10 to 1500 as functions of weight
percent fuel. The exponent ng is also shown.

Figure 4 gives the curves for coefficient of thrust for pressure
ratios from 10 to 1500 as functions of weight percent fuel.

Figure 5 presents curves of molecular weight and characteristic
velocity as functions of weight percent fuel. Also shown is the
exponent ng¥*.

Effect of solid graphite. - The theoretical calculations of equilib-
rium composition in the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 2 (weight percent
fuel, 22.71 to 37.01) and was present for equivalence ratios of 3.
The appearance of solid graphite did affect the values of the thermo-
dynamic parameters and resulted in a break in the performance data in
the region of equivalence ratios between 2 and 3. The performance at an
equivalence ratio of 3 was not plotted in figures 1 to 5 but is presented
in tables II to VI. '

Chamber -Pressure Effect

The logarithms of the parameters I, T, &, and c¥* are very nearly
linear with the logarithm of chember pressure for a fixed equivalence
ratio and pressure ratio. This linearity permits the data to be cor-
related by means of exponents according to the following equations:

_ <A log T (16)

~ \A log PC)PC /P
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Alog T
np = <m>P (17)
& Se/pe/p
A log €
ng = (ZxTT) (18)
og Fe PC/P
_ (A log c*
Box = (ero?f) (29)
Equations (16) to (19) may be written as
n.
P. \I
I=T(5 (20)
c,l
P, \°T
T =T <;c,l> (21)
P, \le
E= & < c ) (22)
Pe »1 ,
P, e
c* <o) ( c > (23)
Fe ,1

where Pc,l may be selected to be either 300 or 600 pounds per square
inch absolute provided that I, Ty, €3, and c"j(: are the corresponding
values for the chamber pressure selected,

The data of tables IT and V were used in equations (18) to (19) to
calculate exponents which are also shown in the tables and are plotted
in figures 1, 2, 3, and 5.

To illustrate the use of these exponents, suppose it is desired to
obtain the value of specific impulse for a chamber pressure of 450 pounds
per square inch absolute and a pressure ratio of 30.62 (exit pressure y
1 atm) for an equivalence ratic r of 1.5 (30.59 weight percent fuel).
From figure 1(a) and table V, the value of I at this pressure ratio
and equivalence ratio (but for a chamber pressure of 300 1b/sq in. abs)
is 261.5 and the value of np is 0.0142. From equation (20),

4021



T20%

NACA RM E56A27 13

H
l

0.0142
= 261.5 (@)
300

I

261.5 (1.00577)

263.0

A comparison of the parameters obtained by means of the chamber-pressure
correlation and by a direct calculation for two exemples is given in the
following teble (r = 1.5; 30.59 weight percent fuel):

Parameter P, = 450 Ib/sq in. abs P, = 1200 1b/sq in. sbs
Pe = 1 atm P = 1 atm
Estimated | Direct | Error | Estimated | Direct | Error
by corre- | calcu- by corre- | calcu-
lation lation lation lation
I 263,04 263.09 | 0.05 250.40 290.25 | 0.15
To 3482.7 3482.9 .1 3605.2 3600.4 4.8
Te 1815.4 1815.5 .2 1560.5 1558.0 2.5
€ 4,643 4.641( .002 9.429 9.408| ,021
c¥® 5762.5 5762.7 .2 5838.2 5835.0 3.2

It is expected that values estimated for other equivalence ratios
and pressure ratios will have small errors of the order of magnitude
shown in the preceding table. A possible exception might occur when the
value of the exponent is changing repidly such as in the region when
solid greaphite first sppears.

SUMMARY (F RESULTS

A theoretical investigation of the performance of JP-4 fuel with
liquid oxygen as an oxidant was made for the following conditions:
(1) equivalence ratios from 1 to 3, (2) chamber pressures of 300 and
600 pounds per square inch, (3) pressure ratios from 1 to 1500, and
(4) frozen composition during expension.

The results of the investigation are as follows:
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1. The maximum values of specific impulse for chenmber pressures of
600 and 300 pounds per square inch absolute (40.83 and 20.41 atm) and “
and exit pressure of 1 atmosphere were 271.8 and 250.4, respectively,
at 31.98 weight percent fuel.

2, The data presented in this report permit interpolation of complete
performance data for any equivalence ratio from 1.00 to 2.00, chamber
pressure from 150 to 1200 pounds per square inch absolute, and pressure
ratio up to 1500,

4021
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TABIE I. - PROPERTIES (OF LIQUID OXYGEN

Molecular weight, M

Density, g/cc

Freezing point, °C

Boiling point, ©C

Enthalpy required to convert
liquid at boiling point to
gas at 25° C, kcal/mole

Enthalpy of vaporization,
kcal/mole

Enthalpy of fusion,
kcal/mole

32.00
87,1415
b_218.76
b_182.97
€3,080

d1.630

€0.106

apt -182.0° C; ref. 10.

~bRef. 8.

CRef. 4.
dpt -182.97° C; ref. 8.
€At -218.76° C; ref. 8.

NACA RM ES56AZ7

4021



T20%

C0=-3

- THERMODYNAMIC PROPERTIES OF COMBUSTION GASES FCR JP-4 FUEL AND LIQUID OXYGEN

TABLE II.
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TABLE III. - THEORETICAL ROCEET PERFORMANCE AT ASSIGNED TENPERATURE FOR JP-4 FUEL AND LIQUID OXYGEN WITH

FROZEN COMPOSITION DURING ISENTROPIC PROCESS

(a) Chamber pressure, 500 pounds per square inch absolute.
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THEORETICAL ROCKET PERFORMANCE AT ASSIGNED TEMPERATURES FOR JP-4 FUEL AND LIQUID

OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

TABLE IXI. - Concluded.

(b) Chamber pressure, 800 pounds per square inch absolute.
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WITH FROZEN CCMPOSITION DURING ISENTROPIC PROCESS
(a) Chamber pressure, 3500 pounds per square inch absolute.
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TABLE IV. - THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATTOS BETWEEN 1 AND 8 FOR JP-4 FUEL AND LIQUID OXYGEN

20

boxidant-to-fuel ratio, by weight.

3pPuel in propellant, percent by weight.
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 1 AND 8 FOR JP-4 FUEL AND LIQUID

- Concluded.

TABLE IV.

OXYGEN WITH FROZEN CGAPOSITION DURING ISENTROPIC PROCESS

(b) Chamber pressure, 600 pounds per squars inch absolute.
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FROZEN COMPOSITION DURING ISENTROPIC FROCESS

(a) Chamber pressure, 300 pounds per square inch absolute.

TABLE V. - THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID OXYGEN WITH
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THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID

- Continued.

TABLE V.

OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

Chamber pressure, 500 pounds per square inch absolute.

{a) Concluded.
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OXYGEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS
(b) Chamber pressure, 6§00 pounds per square inch absolute.

THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIO3 BETWEEN 10 AND 1500 FOR JP-4 FUEL AND LIQUID
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TABLE V. - Continued.
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Chamber pressure, 600 pounds per square inch &bsolute.

OXYUEN WITH FROZEN COMPOSITION DURING ISENTROPIC PROCESS

(b) Concluded.

THEORETICAL ROCKET PERFORMANCE FOR PRESSURE RATIOS BETWEEN 10 AND 1500 POR JP-4 FUEL AND LIQUID

- Concluded:

NACA RM E56A2T7

TABLE V.

o~ A MROLNNOm OOrHNEQN| [FVASADOYT OUVRVNOMN| [FATANVNG DYRODANG| |BMOoNnwaoca Vv
-0 L A R N A L D A Y s e 00000 LI L A A A R o o
a8 .8 VHOROAVO VRAMNOHYD| AHNHONH OMOMONRTD| [NOKOD-MNE TAVLAMOVAN| jOodDVHNRY OK

SRS ¢ NO-00 OOOHHANRN| |RYVVCODR AOOHHAINMA| |[TTTOVEOD AACOHHHN| |DAAROAHRR an

m m IREERREE @MMANIAR| RAEEREKAR MANIIRR| (JERORNANERN RenmIARn] [HAddaReN Q.
| e DANHONY VDHAHNNNDOH| [HNMDOHAN VEAONNTY] [HNTOVSOO OWHGNYWLVL-

Se8 [MOUOWWVHOVOVY VOt EEO| [ERAENANAMN MANTETTT| (DDDODODD ARRRRARNR

b8t HArdrAdrdd Arddddddd]| [Hadddddd ddddddded| (00000000 06600000

298 5 00000000 0000000C| (00000000 0000000O| |DOOOOOOC 00000000

o o 6 6 0 0 0 v 0 L I TS Y o o o a8 s 0’0 * * 06 0 s 0 s e 0 2 0 0 s e o s 0 8 0 0 0 e

qm.m. o o o
. O-AHBVAN AFOHNVOVD| [DEYTVVHHO WACWANON| |[VORVNNUVE VVTHNVVYY (RVVVOAR Omn

«g M OCTVVNNO +ANMAVNY| [HOTVLUYHE NORATETR| [HOMTTYNON DODHUVUMYG| |OVOONREO ND
P R R P T S N Y R L I S S S S Y D R R N Y A A A S A ) [y

Mm NRMTOE00 TOYO0DRD | MARMNTVE-A0 THEMAKDNN| [RANYVE00 MNEROMOVYR| |[aenneoro N

o HrQnwnno H HHanwne LG LT e T L
N MIOMOINAO®D TOUNBANSY| [TRAGEDON Yt dHon| [EEQONOWNO ~NHE-VHYY
g CTNOEOAHE NYVEAOAN]| [MYIVOD0 OdRMVVVE|[ [FRMNTVLY VrODACOH

log w 000000HM rrdrdNEN| 00000000 rrddrrdrd| (00000000 ©0O0OOWHH

aumn ~tloocoooo00o o0o0ooo00OoO|) 00000000 cocooOOO|d{co00000O CcOOOOOOO(R

mmw ] e A I N O

al° al° ~|° -

L Inardtrovor vnNoroaqu|!l rovwoaro avoroorn|l|ynodaverd dHvoctwrol!'fomocnors ow
s 2 [(0P00H0AN VANNDAAN (K [OTAVONAH NDANTDOR K |VYAVINDH WEONNLQOB|DNDAEHYY 00
SE85 [oamnevnnne vorttroo(SItnnennne YoMt OO (SN YBVNY VoSN O|SIAMNEYNN VO
20  |R|Hrredrdd ArrHe e (DA A 11111111mm11111111 iadahasaharananal 7] RaladatahadahabaiRakal

- - o
B &36935036 QUNREYONO(L[(MEATEQRVA VOrROVA|v|odvanawe 49730607m HOAY AT oM

138 - MANeTDm VOSEDD00|M ¢ TTVNEVY ODRO0OH|M|NVVVL-0D0 ANOHRANN|T BnVttDDD 60

ga 1[RREEEEe ERRRANM]] [REERRANKG NAQEANAR(T[EERRREENR eeNnNaAnRR|Tinnaaanan nn

© o 1.0..0.0.; o.c-..cl L A LA a.ooooool LI B A LA R ] *® 0 000 ..
a8 m Ardrdrdede 11111111m Aridrrdre 11111111m.11111111 11111111m Arddrrde ot
-

s & L |MDTATOMNO ALOVTOHEO|  [WANATEND OTOHNENY|  INERNORYVE MOOYOrNH ,[¥OHYONRO 0

GOl |Elennrenna aduoconorizcoonneesn NAMHOOAD |G |OCAYANTY MARHOOOO|glaDONE00E W

238 FTETCEETEY CTEEMNNNMN [T TYTTETE FETTCNNN(O(CLTETEYIY CT¥TTrTIeAN|Sivrervreeee ve

od [ m sess e ........W R ........M ceesetre crevosnoffil eeeeeree e

o o -] [~] 2le

ad
. SIRNAHSVAYT VOorHNYTRN|S IMNTRINANAD VNVNYRVD | J(Davavraao mduortA|s[ooeneoor wno

5 ganannoaY gennnaAnlgsTandnag menaergrananans nanennnagieenntest 9¢

S w [A]|HHood0co avanuoaw| |nueeennn NROHTORR|A|IMVTONTHE OADALVDH N MEEOTRAS ©O

MM/ | [wedvovor dovdrnnol  (BEBVOYON AAYTADVVYH, [NEAVNHLND YTOVYODVY ,|HONANTRO BY

VANTTMNAR Q000" |ADDNNVVW VETETANNMN] ' AHHOORRD DONEV0V] (ONN0V0VV VY

| ° [M|NNaeaeee Neeeeean Hloeeeeece RAAEeNEX|HInnnnNeet aeeeecee Flvererere v

iy DNMOAONAN HrnOHNY| [VDVDNOOD QMDAVENH| |6aVRANTON woOrOVNO™

! 8 NEORHUNY VDOHMNVO| |[VEDAORMNN NORBOHRY| [MTVNVEOD OOHHRMMY

m% CYTTNNNN VIDVOOVVOVY| INNMNETTEY TTTTVNON| [RRARNARANQ ANNARRAN
00000000 00000000| |000OOOOO ©000000O00| |0000K0O0EO 00000000 .
w L I I I O ) LU I AN B I Y * e 0 0 & 0 00 LI B B  * 0 8 00 00 ¢ s 0 0 s s s

Hoo [~ [ o

[N HEONHNOHM RARNIYOVOS| (0ENARCEO CTETONNOY| (MHAROCNTON FYONHOYY ([VROONOVNN Ow

R CONARNOE FADHRANHE |HeMOOTNA ~AKRNAENY| [MEVHNIROY NYVVORVRY| (MeoOoYrMO e

WMT NAOOVNY NANHOAAD| |[HOALVNTA AHOOADDN| |ODEVNNNE HOMADELNY (aottvVnn e

K R W AR AN A Wi e
p & 00000000 Q00O00N00| 00000000 0000OMOG| |[00000000 O0O0OOOMOO (00000060 ©O
m - O000O0ONO 0OOWOrVY [0O00OOOMNO OOOWNONUVY [DOOCOOOWNO OOOWMONrUVY |00000OWMO OO
rG.-M L A ] L I LI A B LR I L A ® e 0000 0 LRI B I ® e 00000 o0
Flald 0O00ONONrY TNnard 0000NOrY tNNvd 0O00ONONY TNRwr ocoomWorY Th

m a oeNR oenard oenerr otNRE

- ONO0O00000 00000000| [OWODOOOO 0O0OO00O0O0| [OWOOOO00 OOOOOO0LO| [OWOO0O000 ©

L) HWrHMNYVOO NOO0O0Q000| [HHAINTVEO WOO00000O| (HHENTEOO WOO000000| [HraMYwVno Mo
mt " HaMvooow H daneYooown " HRNYOOOow " HR

Mump el e et

¥-00




NACA RM E56A27

26

207

-~ THEORETICAL ROCKET PERFORMANCE FOR COMPLETE EXPANSION TO EXIT PRESSURE

TABLE VI.

OF 1 ATMOSPHERE FOR JP-4 FUEL AND LIQUID OXYGEN

{ Frozen composition during isentropic process.]
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Filgure 1. - Theoretical specific impulse of JP-4 fuel with
liquid oxygen. Frozen composition during isentroplc ex-
pansion to pressure ratio indicated.
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Flgure 1. - Concluded. Theoretical specific lmpulse of JP-4

fuel with liquld oxygen.

Frozen composition during isen-

troplc expansion to pressure ratio indicated.
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Figure 2., - Theoretical combustion-chsmber temperature and
nozzle-exit temperature of JP-4 fuel with liquid oxygen.
Frozen compositlion during isentroplec expansion to pres-
sure ratio indicated.
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Flgure 2. - Concluded. Thearetical combustion-chember temperature and
nozzle-exit temperature of JP—4 fuel with liquid oxygen. Frozen com-
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Coefficient of thrust, Cp
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Figure 4. - Concluded. Theoretical coefficient of thrust for
JP-4 fuel with liquld oxygen. Frozen composition during
isentroplc expansion to pressure ratlo indicated.
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